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ABSTRACT 
In the current century the demand of energy increased due to the industrial revolution 
and the high use of energy. PV and wind power were explored to meet the energy 
demand requirement. The objective of this research is to study and analyze the effects 
on the voltages and faults currents levels on the buses of the system when integrating 
wind and PV farms to the grid system. 
The grid system is IEEE industrial power system, modeling and simulation were 
implemented using DIgSilent software to perform power system studies of load flow 
and short circuit analysis on grid-connected at steady state condition to study the 
voltages and faults currents at the buses. 
From load flow analysis of PV integration to the industrial system, the voltage is 
improved at the Buses, the far the grid system from utility supply the more effective 
the improvement of Buses voltages. Integrating Wind farm to the grid system will 
affect on the voltage levels, increasing the power from the wind farm decreases the 
voltage on the system Buses. Short circuit analysis applied base on ANSI and IEEE 
standards and the comparison between the fault currents contribution of PV grid 
connected and wind grid connected system showed that the contribution of PV farm 
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1.1    Background Study 
An alternative to the conventional sources of energy (coal, gas, oil, diesel, and 
nuclear) are renewable energy technologies (hydro, wind, solar, biomass, geothermal, 
and ocean). As shown in Figure 1, among the other non-conventional energy sources, 
wind and solar have increased rapidly and have got great emphasis in the recent years 
[1]. 
                                
Figure 1: PV Solar and Wind power [2] 
 
 
In recent years the industries has grown very fast due to the industrial revolution. 
There is huge demand of electric power between the power needed by the consumers 
and the power supplied. The Renewable Energy Sources (RES) can play a big role to 
help meeting the demand of electrical energy. Photovoltaic (PV) and wind energy are 
the best alternatives sources that assist in filling the demand in electrical energy [3], 
and the wind energy is the fastest growing field of non-conventional energy sources 
[4].  However, in order for the RES such as wind and solar to supply the loads with 
high power quality, the generated electric power will be integrated with the grid 
system to fulfill the gap of the demand of electric power.  
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1.2    Problem Statement  
Integrating renewable energy to the grid system is necessary while maintaining the 
efficiency and the reliability of the power in the grid system. Grid systems face huge 
transition lead by the necessity to the integration of renewable energy such as solar, 
wind, and other renewable energy to enhance the efficiency of energy and to 
minimize the use of conventional energy sources. Electric generating systems are part 
of the interconnected power system that must be controlled so that their overall output 
matches the electric load at any given time.  
 
RES by its nature is variable, hard to accurately predict and often anti-correlated with 
electricity load. Integrating sufficient amount of renewable energy will introduce a 
unique challenge to the power system and will require more flexibility. 
Studying and analyzing the impact of renewable energy generation on the power 
quality of the grid system is very important. The variable and mostly the 
uncontrollable nature of RES introduce new features into the power system control 
problem. The grid system must accommodate the variability in the RES in order to 
maintain the same level of system reliability. The capability of the grid power system 
to provide the needed reactive power of the wind farms is major problem in 
evaluating or assessing the electric power to integrate it into the grid. Integrating the 
electric power generated from wind to the grid system will cause some problems to 












   3 
1.3    Objectives and Scope of Study 
1.3.1    Objectives 
The main objectives of this project are: 
-  To study the effects of PV solar and wind power generation on the grid 
system voltage at steady state condition. 
- To study the effects of PV solar and wind power generation on the 
fault level of the grid system at steady state condition. 
 
1.3.2    Scope of study 
The scope of study includes studying and analyzing the performance of industrial 
power system connected to RES of wind and PV solar power. 
  
In this research, the main topics under investigation are: 
1. Power flow study and short circuit analysis of IEEE industrial system 
2. Power flow and short circuit analysis of IEEE industrial system connected 
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CHAPTER 2  
LITERATURE REVIEW 
2.1    Wind Power 
2.1.1    Overview of Wind Power  
 Wind farms (WFs) consists of wind turbines, the wind is captured by the blades 
which in turns rotates the turbines which is connected to the generator through the 
shaft as explained in Figure 2. The generator generate Alternating Current (AC) 
electric power, the electricity is then transferred to step-up transformer to step up the 
voltage to higher levels to meet the grid requirement. The electric power will be sent 
to the transmission lines and then to the distribution and after that it will supply the 
customer’s loads, which can be industrial, commercial or residential. Integrating the 
electric power generated from wind to the grid system will cause some problems to 
the power quality of the grid power due to the unstable or variable speeds of wind [4]. 
The biggest challenging issues of wind powers are the grid system reliability and the 
intermittency.      
 
                               
              Figure 2: Wind Power Generation Systems [5] 
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2.1.2    Wind Power Integration into Grid System 
The capability of the grid power system to provide the needed reactive power by the 
WFs is major problem in evaluating or assessing the electric power to integrate it into 
the grid [6]. According to the study of voltage stability analysis of grid system 
transmission lines of 220kV connected to WFs in China, where most WFs have 
established far distance from the consumers. The major problem in wind power 
integration to the grid is the voltage stability due to the use of induction generators 
with fixed speed wind turbines. During normal and continuous operation of wind 
turbine generators, it consumes or absorbs a lot of reactive power which result in 
deterioration of voltage stability [7].  The wind turbines designed with induction 
generators which is modified using doubly fed have great capability to mitigate the 
voltage stability deterioration which is better than the induction generators based 
wind turbines [7]. 
 
 
2.1.3    Voltage and System losses studies of Grid Connected Wind Farms  
In recent years WFs increased a lot in size and number, the larger the WFs the higher 
the reactive power demand, the increment of overall network losses and voltage 
stability issues are the results of shortage of reactive power [7-8]. The study which 
investigates the possibility to integrate large wind farms of full power 40MVA and 
80MVA to sub-transmission network, and to determine their effects in the grid 
system voltage stability and overall losses [6]. It shows that the reactive power 
demand of the 40MVA WFs integrated to the sub-transmission network is satisfied 
and will contribute in reducing the system losses [6]. The point of interconnection of 
WFs has great effect on the system, the closer the WFs to the load is better which 
reduce losses and minimize their effects on voltage stability [6]. In many electrical 
power systems the stability of electric power might get affected or influenced when 
very large farms of wind power is connected to the power system which can be as a 
result of uncontrolled very high levels of penetrations of the wind in that particular 
zone [9-11]. 
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2.2    Photovoltaic Power  
2.2.1    Overview of Solar PV Power System  
The light of the sun is transferred to electrical energy through the PV cells which are 
arranged together to make module or array. The generated electric power is Direct 
Current (DC) power which can be stored in batteries, and the electric power can be 
converted from DC to AC using inverters and then it can supply the loads. If the PV 
power plant is very big and produce large amount of power from the sun it can be 
connected to distribution system. Figure 3 explains the generation and distribution of 
electricity using PV power system. 
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2.2.2    Integration of Photovoltaic Systems to the Grid System 
PV systems becomes an outstanding RES comparing to Non-RES[13] and PV is a 
means to generate electrical energy for many various applications with different 
ranging of few watts to large amount of electric power[13]. Most of the large PV 
plants worldwide are connected to the grid [13]. 
 
The highest total losses occur in distribution systems [14], and to reduce the total 
losses there are many methods to be used. One of these methods is to connect PV 
system to grid system and it is efficient method but very much complicated [14]. 
Increasing the PV system will significantly increase transient over-voltage [15]. The 
studies presented the transient over-voltage levels reduction when having a PV 
system attached with synchronous generator [14]. Higher fault current is the result of 
unstable levels of penetration of PV connection to grid system comparing to the case 
without PV installed, which affects on protection elements [13]. The results obtained, 
presents the possibility of upgrading and choosing the protection elements that allow 
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CHAPTER 3 METHODOLOGY 
3.1    Introduction 
This section shows a detailed description on the project with the methods and 
techniques or analysis that will be used for completing this work. Gantt chart explains 
the work process of the project within the specified period for the completion of the 
project. The scope of study includes studying and analyzing the performance of 
industrial power system connected to RES of wind and PV solar power. Figure 4 
show the interconnection of wind and PV farms to the grid system 
  
3.2    System Modeling and Simulation  
In this project, the power system studies will be implemented on IEEE industrial 
power system model connected to wind and solar farms to analyze the effect of the 
electric power generated from RES on the power system at the steady-state under 
different operating conditions.  
The power system will be simulated before and after integrating the wind and solar 
PV to assess the effect of each system using these techniques: 
    1. Load flow study 
   2. Short circuit analysis 
  3. Contingency analysis 
Figure 4: Wind and PV farms Grid Connected 
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3.3    Work Flow Chart 





























 Figure 5: Work Flow Chart 
Preliminary Research on Renewable 
Energy’s’ Grid Connected System  
 
Simulating IEEE Industrial System 
Using DIgSilent and Comparing with 
the published results 
 
Power Flow and Short Circuit 
Simulation on Grid System with PV 
solar and wind power 
Report results of power flow and 
short circuit analysis 
 
Is there any 
problem of voltage 
and fault currents? 
    Start 
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3.4    Tools 
3.4.1    Power System Simulation software 
The software proposed to be used in this project is DIgSilent Software. This software 
is one of the best software to be used in power system analysis for generation, 
transmission, distribution and industrial systems. It contains all the needed analysis 
functions for this research such as load flow, short circuit, and protection [14]. 
3.4.2    IEEE Industrial System Model 
Figure 6 represents the IEEE industrial power system used as the grid system for the 
research. 
   Figure 6: IEEE Industrial System [17] 
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3.5    Project Gantt chart 
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CHAPTER 4  
RESULTS AND DISCUSSION 
4.1    Modeling and Simulation of IEEE Industrial System 
Load flow analysis has been implemented on IEEE industrial system. The results 
shown in Figure 7 are almost the same results as published model in IEEE 
recommended practices for industrial and commercial power system analysis. All the 
Bus voltages are in pu and degrees, and all power flow in KW and KVAR [Refer to 
Appendix H and Appendix I] 
  Figure 7: Load Flow Results of IEEE Industrial System 
 
The load Buses voltage averaging around 0.970 pu and most of the real power around 
86.75 % is supplied by the plant generators (GEN1, and GEN2) and remaining power 
is supplied by the Utility. The loading on cables and transformers are under normal 
operation. 
   13 
4.2    Load Flow Studies 
4.2.1    Base Case 
The load flow results achieved after running the industrial power system without 
integrating PV or wind power shows that the system is running under normal 
conditions and there is no problem in the grid power and voltages.  
Analysis of load flow on the base case shows that: 
1) The voltage is somehow low on the load Buses at average of 0.970 pu 
2) Most of the loads in the system are supplied by the system generators located at 
Bus 4 and 50, however the generators supply about 86.7 % and the remaining is 
supplied from the utility. 
3) The reactive power need by the system are supplied by the two generators and 
small reactive power is drawn from the utility. 
4) The loadings are under normal operating limits for the transformers and cables. 
The voltages at the load Buses vary between 0.970 pu and 0.98 pu as shown in the 
grid load flow diagram. The 0.48 kV Buses have the large voltage drop of 0.03 pu of 
Bus 37, 17, 22, 33, 41 which have 0.97 pu voltage (0.466 kV) while Bus 39 (4.01856 
kV). This voltage drop is due to the loading of the motors. (With reference to ANSI 
C48.1 (-5%, +5%)) 
 
 
In the flow diagram of the base case, as in Figure 8 it is clear that transformers T-13 
(Bus 31-36), T-8 (Bus 15-20), T-7 (Bus 6-19), T-3 (Bus 5-39) and T-17 (5-49) are 
operating with more than 80 % loading which is normal and preferable. It is observed 
that T-17 is 90 % being the highest loaded.  
 
 
The motors loading is 85 % for motors M-T17-1 (Bus 49), M-T3-1(Bus 39), M-T4-
1(Bus 11), M-T7-1 / M-T7-2 (Bus 19), M-T8-1 / M-T8-2(Bus 20) and M-T13-1 (Bus 
36). 
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 Figure 8: The industrial power system running under normal conditions 
 
However, one of the critical contingencies for this industrial system is the outage of 
one of the two generators which will result in high voltage drop in all the Buses and 
system equipments which will lead to low voltage profile. 
 In order to overcome this voltage drop problem, two options are possible namely: 
a) Change the transformers tap. 
b) Change the voltage control set points of the two generators 
The low voltage profile has been improved for Buses 37, 17, 22, 33, 41, and 39 by 
changing the tap position on all the system transformers (except T-1 and T-2).  
The entire load Buses voltage is close to the unity. The lowest voltage levels occurred 
at Buses 17, and 22 at 0.99 and 0.989 pu respectively. 
         
  
 
Table 3 shows the Buses voltages for base case A (System is running normally with 
transformers taps at position 0), and base case B (Transformers (except T-1 and T-2) 
taps at position 0.975 (-1= -2.5 %). 
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   Table 3: Buses voltages at Base Case 
 
 





  Bus No Voltage(kV Pu  phase angle Voltage(kV) Pu  phase angle 
Bus 8 13.793 1 -1.838 13.795 1 -1.837 
Bus 11 2.37 0.988 0.192 2.433 1.014 0.226 
Bus 17 0.462 0.963 -1.321 0.475 0.99 -1.208 
Bus 18 0.466 0.971 -3.657 0.479 0.997 -3.562 
Bus 19 2.329 0.97 -1.315 2.392 0.997 -1.203 
Bus 20 2.334 0.972 -3.989 2.398 0.999 -3.877 
Bus 21 0.466 0.971 -3.422 0.479 0.998 -3.339 
Bus 22 0.462 0.963 -1.32 0.475 0.989 -1.207 
Bus 23 0.466 0.97 -3.656 0.479 0.997 -3.561 
Bus 28 0.466 0.971 -0.967 0.479 0.997 -0.873 
Bus 29 0.468 0.974 -0.674 0.48 1.001 -0.596 
Bus 30 0.469 0.977 -3.274 0.482 1.003 -3.199 
Bus 33 0.465 0.97 -0.966 0.478 0.996 -0.872 
Bus 34 0.467 0.974 -0.674 0.48 1 -0.595 
Bus 35 0.469 0.976 -3.273 0.481 1.002 -3.198 
Bus 36 2.33 0.971 -4.063 2.394 0.997 -3.948 
Bus 37 0.465 0.969 -3.789 0.478 0.995 -3.687 
Bus 39 4.018 0.966 -1.487 4.128 0.992 -1.366 
Bus 41 0.466 0.97 -0.976 0.478 0.996 -0.882 
Bus 49 0.466 0.972 -0.967 0.479 0.998 -0.873 
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4.2.2    Contingency Case Study 
Scenario 1: Outage of GEN-1 on Bus 50 
After all the changes being done and the outage of the generator (GEN-1) on Bus 50, 
the voltages will remain above 0.95 pu. The system generator on Bus 4 (GEN-2) is 
supplying 36.49 % of the total load and the remaining power needed is supplied by 
the utility. 
The load Buses voltage as shown in Table 4 have minor voltage drop, but after 
closing the breaker between Bus 3 and Bus 4 the voltage profile improved at all the 
load Buses. The voltage and loadings were still at the acceptable limits. 
   Table 4: Buses voltages at scenario1 
 
                                                          Scenario 1 
Bus No Voltage(KV) Pu  phase angle 
Bus 8 13.795 1 -1.838 
Bus 11 2.351 0.979 -3.33 
Bus 17 0.458 0.955 -4.868 
Bus 18 0.479 0.997 -3.562 
Bus 19 2.309 0.962 -4.862 
Bus 20 2.397 0.999 -3.877 
Bus 21 0.479 0.998 -3.339 
Bus 22 0.458 0.954 -4.868 
Bus 23 0.479 0.997 -3.561 
Bus 28 0.462 0.962 -4.509 
Bus 29 0.464 0.966 -4.211 
Bus 30 0.482 1.003 -3.199 
Bus 33 0.461 0.961 -4.507 
Bus 34 0.463 0.966 -4.21 
Bus 35 0.481 1.002 -3.198 
Bus 36 2.394 0.997 -3.948 
Bus 37 0.478 0.995 -3.687 
Bus 39 3.983 0.957 -5.037 
Bus 41 0.462 0.962 -4.518 
Bus 49 0.463 0.964 -4.508 
Bus 51 0.468 0.974 -3.592 
 
* Scenario1: Outage of the generator at Bus 50 (GEN-1) with transformers taps at 
position -1 (-2.5 %), (Except T-1 and T-2) 
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Scenario 2: Outage of the system generators GEN-1 and GEN-2 
Outage of the system generators forced the system to get supply power from the 
utility for real and reactive power. The transformer taps are kept at 0.975 pu, and the 
voltage profile is still under the acceptable limits (above 0.95 pu). The loadings on 
equipment were also within their capabilities. It is clear that all the Buses connected 
through Bus 3 did not face any change comparing to Case 2 since there was no 
connection between Bus 3 and Bus 4. All the previous cases have been executed on 
the industrial power system taking in consideration that the breaker between Bus 3 
and Bus 4 is opened, and the lines between Buses 9, 10, 28, and 30 are disconnected 
from Bus 13, 12, 38, 38 respectively.  
Refer to Table 5 to see the Buses voltage for scenario 2. 
 
   Table 5: Buses voltages at scenario 2 
 
                                                            Scenario2 
Bus No Voltage(kV) pu  phase angle 
Bus 8 13.293 0.963 -4.448 
Bus 11 2.351 0.979 -3.33 
Bus 17 0.458 0.955 -4.868 
Bus 18 0.46 0.959 -6.309 
Bus 19 2.309 0.962 -4.862 
Bus 20 2.305 0.961 -6.649 
Bus 21 0.46 0.959 -6.069 
Bus 22 0.458 0.954 -4.868 
Bus 23 0.46 0.958 -6.308 
Bus 28 0.462 0.962 -4.509 
Bus 29 0.464 0.966 -4.211 
Bus 30 0.463 0.965 -5.916 
Bus 33 0.461 0.961 -4.507 
Bus 34 0.463 0.966 -4.21 
Bus 35 0.463 0.964 -5.915 
Bus 36 2.301 0.959 -6.725 
Bus 37 0.459 0.957 -6.444 
Bus 39 3.983 0.957 -5.037 
Bus 41 0.462 0.962 -4.518 
Bus 49 0.463 0.964 -4.508 
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* Scenario 2: Outage of the both plant generators at Bus 50 (GEN-1) and Bus 4 
(GEN-2) with transformers taps (except T-1 and T-2) kept at position -1 (-2.5 %). 
The industrial system in this scenario running properly with supply voltage at 1 pu, 
and adjustment of transformers taps to position (-1) (except T-1 and T-2).  
However it is possible to adjust only T-1 and T-2 taps to positions -2 to maintain the 
voltage limits and the breakers between Bus 4 and Bus 3 have to be closed to reduce 
the loading on T-2. 
 
4.2.3    PV grid connected 
Scenario 3: Outage of GEN1 and GEN2 and Integrating PV at Bus 4 
Let us assume the scenario when the two plant generators are out of service due to 
maintenance, some damage, or replacement to new generators. The electricity need to 
be supplied to the industry to be drawn from the utility. 
The utility always supply power with voltage limit between 0.95-1.05 pu (- or + 5 %). 
In this scenario the voltage set points of supply from the grid is 0.98 pu which is 
within the limits promised by utility. However, the load flow results show that all the 
Buses voltage are below the 0.95 pu which is unacceptable (except 69 kV Bus) (see 
Figure 9). This happened because both the plant generators are out of service and all 
the supply comes from the grid. The transformers taps in this case are all in normal 
position 0. 
   
   
Figure 9: Plant generators are out of service 
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The step down transformer (69/13.8 kV), T-2 is violating its maximum loading limit 
which might lead to equipment damage. In order to overcome this kind of problems 
there are several ways to be implemented: 
1. Adjusting the transformer tap position on T-1 and T-2 
2. Integration of PV plant 
 
PV connection at Bus 4 (13.8kV) 
Studying the effect on some of the Buses in the system when integrating PV to the 
industrial system with the transformers T-1 and T-2 tap position at -1. The voltage 
profile at Bus 4 (13.8 kV) when PV power supplied vary from 1 to 4MW as in Table 
6. 
   Table 6: Voltage at Bus 4 in Scenario2 
 
PV power (MW) 0 1 2 3 4 
Voltage (kV) 13.37 13.383 13.395 13.407 13.419 




Figure 10: Voltage increment in pu at Bus 4 due to PV integration 
 
 
The voltage at Bus 4 as shown in Figure 10, it has been improved from 0.969 to 0.972 
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  Table 7: Buses voltage during PV integration 
 
Bus No/ PV power 0 MW 1MW 2MW 3MW 4MW 
Bus 20 voltage in pu 0.94 0.941 0.942 0.943 0.944 
Bus 35 voltage in pu 0.944 0.945 0.946 0.947 0.948 
Bus 37 voltage in pu 0.937 0.937 0.938 0.939 0.94 
 
Result observed in Table 7 for the selected Buses for study shows that voltage have 
been improved due to the increment of PV power supplied. Refer to Figure 11-12 to 
see the effect on Bus 20 and Bus 37. 
  
Figure 11: Voltage in pu at Bus 20 
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Scenario 4: PV connection at Bus 30 (0.48 kV)  
The load at Bus 30 is 0.731 MW at 0.48 kV, the power from PV will be supplied at an 
amount as follow, 0.250, 0.500, 0.750, 1 MW in order to study its effect on voltages 
at Bus 30, and 35 (See Figure 13). Taking in consideration that voltage of utility 
supply is at 0.98 pu and the transformers tap position for T-1 and T-2 are at -1 
     
 
 Figure 13: Integration of PV at Bus 30 (0.48kV)  
  
 Table 8: Voltages at Bus 30, and 35 during PV integration at Bus 30 
 
Bus No/ PV power 0 MW 0.250MW 0.500MW 0.750MW  1 MW 
Bus 30 voltage in pu 0.945 0.947 0.949 0.951 0.953 
Bus 35 voltage in pu 0.944 0.946 0.948 0.95 0.952 
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Figure 15: Voltages at Bus 35 
 
The voltage at the load Buses (Bus 30, and Bus 35) increased exponentially with the 
increment of the power supplied from PV farm. (see Figure 14-15) 
 
 
Scenario 5: PV connected at Bus 4 with GEN2 while GEN1is out of Service 
In this scenario the system will be examined at the case when GEN1 is out of service 
and the PV is integrated at Bus 4 with GEN2 (under power factor mode of local 
voltage controller) while the utility supplying the voltage at 0.98 pu, and the 
transformer T-1 tap position at -1 and T-2 tap position is maintained at 0. 
 
  Table 9: Bus voltages during PV integration at Bus 4 
 
Bus No/ PV power 0 MW 1MW 2MW  3MW  4MW 
Bus 4 voltage in pu 0.98 0.981 0.981 0.982 0.982 
Bus 8 voltage in pu 0.979 0.98 0.981 0.981 0.982 
Bus 36 voltage in pu 0.95 0.951 0.951 0.952 0.952 
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 Figure 16: Voltage at Bus 4 during PV Integration at Bus 4 
 
With reference to Table 9 the voltage at Buses are increasing but not exponentional 
relationship with the increment of the injected power from PV power plant. This 
might be due to the large loads connected to the Bus . When increasing the power 
supplied by PV plant the power drawn from the utility is reduced by the amount 
supplied by PV plant. In this scenario the maximum power supplied by PV is 4 MW. 
However the Buses which are far from point of interconnection are not highly 
affected with the amount of power drawn from the PV power plant. Figure 16-19 
shows the effect of PV power on the Bus 4, Bus 8, Bus 36 and Bus 37. 
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Scenario 6: PV connected at Bus 3 when  GEN2 supplying at Bus 4 while GEN1 
is out of Service 
In this scenario the system will be examined at the case when GEN1 is out of service 
(see Figure 20) and PV is integrated at Bus 3 while GEN2 supplying at Bus 4 with the 
utility voltage at 0.98 pu, and the transformer T-1 tap position at -1 and T-2 tap 




 Figure 20: Integration of PV plant to the industrial system at Bus 3 
   
  Table 10: Bus voltages During PV integration at Bus 3 
 
Bus No/ PV power 0 MW 1MW 2MW  3MW  4MW 
Bus 3 voltage in pu 0.97 0.971 0.971 0.972 0.973 
Bus 17 voltage in pu 0.934 0.935 0.936 0.936 0.937 
Bus 19 voltage in pu 0.942 0.942 0.943 0.944 0.945 
Bus 28 voltage in pu 0.942 0.943 0.943 0.944 0.945 
Bus 39 voltage in pu 0.937 0.938 0.939 0.939 0.94 
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  Figure 21: Voltage at Bus 3 during PV Integration at Bus 3 
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  Figure 24: Voltage at Bus 28 during PV Integration at Bus 3 
 
  
  Figure 25: Voltage at Bus 39 during PV Integration at Bus 3 
 
As shown Figure 21-25, the voltage at Bus 3,19,28,39 is not increasing exponentional 
with the increment of the injected power from PV power plant. This might be due to 
the large loads connected to the Bus . When increasing the power supplied by PV 
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Scenario 7: GEN1 and GEN2 are in services, and the transformers taps all are in 
normal position 0, the utility supply power at voltage set point of 0.98pu 
  
In this scenario the system will be examined with the integration of PV power to Bus 
3 at the case when GEN1 and GEN2 are in service while the utility supplying the 
voltage at 0.98 pu, and all the transformer tap position is maintained at 0. 
Results in Table 11 show that the Buses voltage increase very slightly with the 
increased power supplied by PV this is because the generators are in service 
supplying power to the industrial grid system. So the PV does not have high effect on 
the voltage in this scenario ( see Figure 26-30). 
 
  Table 11: Bus voltages During PV integration at Bus 3 
 
Bus No/ PV power 0 MW 1MW 2MW  3MW  4MW 
Bus 3 voltage in pu 0.977 0.978 0.978 0.978 0.979 
Bus 17 voltage in pu 0.942 0.942 0.943 0.943 0.943 
Bus 19 voltage in pu 0.95 0.95 0.95 0.951 0.951 
Bus 28 voltage in pu 0.95 0.95 0.95 0.951 0.951 
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Figure 27: Voltage at Bus 17 when PV power integrated to the system at Bus 3 
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Figure 29: Voltage at Bus 28 when PV power integrated to the system at Bus 3 
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Scenario 8: PV Integration at Bus 4 when GEN2 is under Voltage Control Mode 
 
Let us examine the system for the case when GEN2 at Bus 4 is integrated with PV 
power, and the mode of local voltage controller is voltage. The voltage of the power 
supplied from the grid is at 0.98 pu, and the transformers taps at position 0 
    
  Table 12: Bus voltages During PV integration at Bus 4 
 
Bus No/ PV power 0 MW 1MW 2MW  3MW  4MW 8MW 
Bus 4 voltage in pu 1 1 1 1 1 1 
Bus 20 voltage in pu 0.972 0.972 0.972 0.972 0.972 0.972 
Bus 23 voltage in pu 0.97 0.97 0.97 0.97 0.97 0.97 
Bus 35 voltage in pu 0.976 0.976 0.976 0.976 0.976 0.976 
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Figure 32: Voltage at Bus 20 when PV power integrated to the system at Bus 4 
 
  
Figure 33: Voltage at Bus 35 when PV power integrated to the system at Bus 4 
 
The results in Table 12 and Figure 31-33 show that when the generator is under 
voltage control mode, the voltage at the system Buses will not change when 
integrating the PV power to the grid system at Bus 4. The system Buses maintained 
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Scenario 9: Over-head lines length increased from 3.048 km to 50 km 
Assuming that the length of the overhead lines are increased, and the supply power 
from the grid is at 1.00 pu, all the transformers taps at position 0. The load flow 
analysis shows that the system is running normally with no problems in the voltages 
when the two generators are supplying power to the industrial system.  
But in the case of utility is supplying power at 0.98 pu voltage, there will be a lot of 
voltage drop which leads to voltages below the lower voltage range at some of the 
load Buses. However the problem can be solved by changing the transformers taps to 
position -1 in order to improve the voltage at the load Buses. The voltage can also be 
improved when supplying power from PV. 
  Table 13: Voltage at Bus 2 after increasing OHL length to 50 km 
 
Bus No/ PV power 0 MW 1MW 2MW 3MW 4MW 
Bus 2 voltage in pu 0.968 0.971 0.974 0.976 0.979 
 
Table 13 and Figure 34 shows that the voltage highly improved when increasing the 
power supplied by PV. This can be due to remote distance utility supply. 
 
  
 Figure 34: Voltage at Bus 2 when PV power integrated to the system at Bus 4 
 
  Table 14: Buses voltage after increasing OHL to 50 km 
 
Bus No/ PV power 0 MW 1MW 2MW 3MW 4MW 
Bus 4 voltage in pu 0.969 0.972 0.975 0.978 0.981 
Bus 20 voltage in pu 0.94 0.944 0.947 0.95 0.953 
Bus 23 voltage in pu 0.938 0.941 0.945 0.948 0.951 
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         Figure 37: Voltage at Bus 20 when PV power integrated to the system at Bus 4 
 
 
Figure 38: Comparison between PV effect when increasing the length of OHL 
 
The results in Table 14 and Figure 35-38  show that increasing the length of the 
overhead lines to 50 km has clear effect on the power quality of the industrial system. 
But in this scenario it shows that the PV farms has very good contribution in 
improving the system voltages, comparing to the case when the length was 3.048 km. 
The voltage increased exponentially with increasing power supplied by PV. This 
proved that the PV farms has great contribution in improving the system voltage 
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Scenario 10: Over-head Lines length increased from 3.048 km to 100 km 
   
       Table 15: Comparison of Voltages in pu at Buses during 3.048 km and 100 km 
 
Bus No/ OHL length OHL length=3.048km OHL length=100km 
Bus 1 1 1.005 
Bus 2 0.999 0.976 
Bus 3 0.998 1.003 
Bus 4 1 0.976 
Bus 20 0.972 0.948 
Bus 23 0.97 0.946 
 
In Table 15, the output results of load flow analysis show that the voltage of the 
Buses have been reduced due to the voltage drop of 100 km length of the overhead 
line comparing to the normal case of 3.048 km length. In this scenario the PV power 
will be integrated to the grid system of 100 km overhead lines to see the effect of PV 
power on Buses voltages. 
The results in Table 16 and Figure 39-43 show that increasing the length of the 
overhead lines to 100 km has clear effect on the power quality of the industrial 
system. But in this scenario it shows that the PV farms has very good contribution in 
improving the system voltages, comparing to the case when the length was 3.048 km 
and 50 km. The voltage increased exponentially with increasing power supplied by 
PV. This proved that the PV farms has great contribution in improving the system 




 Table 16: Bus voltages During PV integration at Bus 4 during Scenario 10 
 
Bus No/ PV power 0 MW 1MW  2MW 3MW 4MW 
Bus 4 voltage in pu 0.976 0.983 0.989 0.995 1 
Bus 8 voltage in pu 0.976 0.982 0.988 0.994 1 
Bus 20 voltage in pu 0.948 0.955 0.961 0.967 0.973 
Bus 23 voltage in pu 0.946 0.952 0.959 0.965 0.97 
Bus 37 voltage in pu 0.944 0.951 0.957 0.963 0.969 
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  Figure 39: Voltage at Bus 4 during Scenario 10 
 
  
 Figure 40: Voltage at Bus 8 during Scenario 10 
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  Figure 42: Voltage at Bus 23 during Scenario 10 
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4.2.4    Wind Farm grid integration 
Scenario 11: The wind farm integrated to the industrial system at Mill-2, the 
maximum output of WF considered in this case is 5 MW 
The utility grid supply power at 1.00 pu, and the power factor of the supplied power 
by the WF is 0.9 considering that all the system equipments running at the normal 
conditions. Results in Table 17 indicate Buses voltages for this scenario. 
   
 
Figure 44: Wind Farm Generators 
     
 Table 17: Voltages in pu at the Buses during WF Integration to the System at 
Mill-2 
 
Bus no/Wind Power in 
MW 0MW 1MW 2MW 3MW 4MW 5MW 
Bus 4 1 1.001 1.001 0.999 0.997 0.994 
Bus 18 0.971 0.971 0.972 0.97 0.968 0.964 
Bus 20 0.972 0.973 0.974 0.972 0.969 0.966 
Bus 21 0.971 0.972 0.972 0.97 0.968 0.965 
Bus 23 0.97 0.971 0.972 0.97 0.967 0.964 
Bus 35 0.976 0.977 0.977 0.976 0.973 0.97 
Bus 36 0.971 0.971 0.972 0.97 0.968 0.964 
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  Figure 45: Voltage in pu at Bus 4 during Scenario 11 
 
  
  Figure 46: Voltage in pu at Bus 18 during Scenario 11 
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  Figure 48: Voltage in pu at Bus 21 during Scenario 11 
 
  
  Figure 49: Voltage in pu at Bus 23 during Scenario 11 
 
  



















Power in MW from wind farm 



















Power in MW from wind farm 


















Power in MW from wind farm 
Bus35 Voltage in pu 
   42 
  
  Figure 51: Voltage in pu at Bus 36 during Scenario 11 
 
In Figure 45-51 the results show that the Buses voltage increases only when the 
supplied power from wind farm is below 40 % of the rated capacity of generator, and 
the buses voltage reduced by increasing the amount of power produced by the wind 
generators. The wind generators are induction generators type which consume 
reactive power that affect on the system voltages. The voltage level at Bus 4 reduced 
from 1 pu to 0.994 pu when the power generated by the wind generator increased up 
to 5 MW.  
 
Scenario 12: The WF is integrated to the grid system at Mill-2 with the outage of 
GEN-2  
In this scenario the system is being investigated when the GEN-2 is out of service and 
all the system equipments are running at the normal conditions. Refer to Table 18 and 
Figure 52-58 for Buses voltage. 
            Table 18: Voltages in pu at the Buses during WF to the System at Mill-2 with 
   Outage of GEN-2 
 
Bus no/Wind Power in MW 0MW 1MW 2MW 3MW 4MW 5MW 
Bus 4 Voltage in pu 0.964 0.965 0.965 0.964 0.961 0.958 
Bus 18 Voltage in pu 0.933 0.934 0.935 0.934 0.931 0.928 
Bus 20 Voltage in pu 0.935 0.936 0.937 0.935 0.933 0.93 
Bus 21 Voltage in pu 0.933 0.934 0.935 0.934 0.931 0.928 
Bus 23 Voltage in pu 0.933 0.934 0.935 0.933 0.93 0.927 
Bus 35 Voltage in pu 0.939 0.94 0.941 0.939 0.936 0.933 
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  Figure 52: Voltage in pu at Bus 4 during Scenario 12 
 
  
  Figure 53: Voltage in pu at Bus 18 during Scenario 12 
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  Figure 55: Voltage in pu at Bus 21 during Scenario 12 
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  Figure 57: Voltage in pu at Bus 35 during Scenario 12 
 
  
  Figure 58: Voltage in pu at Bus 36 during Scenario 12 
 
In the above scenario it shows that the Buses voltage reduced by increasing the 
amount of power produced by the wind generators, the wind generators are induction 
generators type which consume reactive power that affect on the system voltages. 
The voltage level at Bus 4 reduced from 0.964 pu to 0.958 pu when the power 
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Scenario 13: When the over-head line length increased from 3.048 km to 100 km 
The over-head line increased to 100 km and the GEN-2 is supplying electric power to 
the system. See Table 19 and Figure 59-65 for the Buses voltage. 
 
Table 19: Voltages in pu at the Buses during WF to the System at Mill-2 with OHL of 
100 km 
 
Bus no/Wind Power in MW 0MW 1MW 2MW 3MW 4MW 5MW 
Bus 4 Voltage in pu 0.976 0.983 0.989 0.988 0.985 0.981 
Bus 18 Voltage in pu 0.946 0.953 0.959 0.959 0.955 0.951 
Bus 20 Voltage in pu 0.948 0.955 0.961 0.96 0.957 0.952 
Bus 21 Voltage in pu 0.946 0.953 0.959 0.959 0.956 0.951 
Bus 23 Voltage in pu 0.946 0.952 0.959 0.958 0.955 0.95 
Bus 35 Voltage in pu 0.952 0.958 0.964 0.964 0.961 0.956 
Bus 36 Voltage in pu 0.946 0.953 0.959 0.959 0.955 0.951 
 
  
  Figure 59: Voltage in pu at Bus 4 during Scenario 13 
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  Figure 62: Voltage in pu at Bus 21 during Scenario 13 
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 Figure 65: Voltage in pu at Bus 36 during Scenario 13 
 
As shown in Figure 59-65, the voltage level at Buses have increased when the supply 
power from wind generators increased from 0 MW to 2 MW, this is due to the long 
distance power transmission cables of 100 km. But when the wind power generated 
are more than 2 MW the Bus voltages reduced due to reactive power consumption by 
induction generators. The reactive power consumption can be compensated by 
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4.2.5    Integrating both PV power & Wind power to the industrial grid system 
Scenario 14: Integrating 2 MW PV power with variable power from wind farm 
at Bus 4 
The system is operating under normal operating conditions, the generators supplying 
the power to the industrial grid system, some of the power needed by the grid are 
supplied by the utility in case that the power generated is not enough to supply the 
grid and if all the generators including the wind farms are generating power more 
than the power needed, the remaining power will be supplied to the grid. The Buses 
voltage has been tabulated in Table 20. 
 Table 20: Voltage level in pu at Buses During the Integration of 2 MW PV 
    power and variable Wind Power  at Bus 4 
 
Bus No/Wind 
Power  1 MW 2 MW 3 MW 4 MW 5 MW 
Bus 4 1.002 1.002 1 0.998 0.995 
Bus 8 1.001 1.002 1 0.997 0.994 
Bus 18 0.973 0.973 0.971 0.969 0.965 
Bus 20 0.974 0.975 0.973 0.97 0.967 
Bus 21 0.973 0.973 0.971 0.969 0.966 
Bus 30 0.979 0.979 0.978 0.975 0.972 
Bus 37 0.971 0.971 0.969 0.967 0.963 
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  Figure 67: Voltage in pu at Bus 8 during Scenario 14 
  
  Figure 68: Voltage in pu at Bus 18 during Scenario 14 
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  Figure 70: Voltage in pu at Bus 30 during Scenario 14 
 
  
  Figure 71: Voltage in pu at Bus 37 during Scenario 14 
 
In this scenario the PV farm supply fixed amount of power of 2 MW, the power 
supplied by the wind farm increased from 0 MW up to 5 MW.  In Figure 66-71, the 
Buses voltage levels reduced with the increased amount of power supplied by the 
wind generators. The grid Buses voltage are still in the acceptable ranges between 
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Scenario 15: Integrating 5 MW wind farm with variable power from PV farm at 
Bus 4 
The system is operating under normal operating conditions, the generators supplying 
the power to the industrial grid system, some of the power needed by the grid are 
supplied by the utility in case that the power generated is not enough to supply the 
grid and if all the generators including the wind farms are generating power more 
than the power needed, the remaining power will be supplied to the utility. Table 21 
shows the voltage profile at the Buses . 
 
Table 21: Voltage level in pu at Buses During the Integration of 5 MW Wind  
 power and variable PV Power  at Bus 4 
 
Bus No/PV Power  1 MW 2 MW 3 MW 4 MW 5 MW 
Bus 4 0.994 0.995 0.995 0.996 0.996 
Bus 8 0.994 0.994 0.995 0.995 0.995 
Bus 18 0.965 0.965 0.966 0.966 0.967 
Bus 20 0.967 0.967 0.967 0.968 0.968 
Bus 21 0.965 0.966 0.966 0.966 0.967 
Bus 30 0.971 0.972 0.972 0.972 0.973 
Bus 37 0.963 0.963 0.964 0.964 0.965 
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  Figure 73: Voltage in pu at Bus 8 during Scenario 15 
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Figure 75: Voltage in pu at Bus 20 during Scenario 15 
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  Figure 77: Voltage in pu at Bus 30 during Scenario 15 
 
  
  Figure 78: Voltage in pu at Bus 37 during Scenario 15 
 
In this scenario the Buses voltages increased when the power supplied by the PV farm 
increased keeping the wind farm power generated at 5 MW. ( See Table 21 and 
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4.3    Short Circuit Studies 
The short circuit analysis have succefully being executed for base case in order to 
know the fault currents at system Buses, Figure 79 show the industrial system under 
short circuit analysis. Refer to  Appendix 10 short circuit results for the base case. 
 
   
Figure 79: Short Circuit results for base case 
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4.3.1    Short circuit analysis on PV plant integration to the grid system 
The PV plant is a combination of static generators, the static generator contributes to 
the faults currents of momentary and interrupting current only, but there is no 
contribution in the 30-cycle short circuit current. The results of short circuit analysis 
are given in Table 22-24 and Figure 80-82. 
 
 Table 22: Momentary fault currents of PV grid connected system 
 
                              Momentary fault current (in kA) 
Bus no Base Case System integrated with PV 
Bus 2 7.578 7.824 
Bus 4 13.838 20.584 
Bus 8 13.51 19.785 
Bus 20 17.281 18.114 
Bus 21 19.371 19.559 
Bus 23 34.333 34.918 
Bus 30 35.933 36.652 
Bus 35 33.117 33.712 
Bus 36 12.381 12.758 
Bus 37 25.607 25.936 




  Figure 80: Momentary Fault Currents of PV grid connected system 
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 Table 23: Interrupting fault currents of PV grid connected system 
 
  Interrupting fault current  (in kA)           
Bus no  Base Case System integrated with PV 
Bus 2 7.486 7.769 
Bus 4 12.612 19.358 
Bus 8 12.317 18.612 
Bus 20 15.77 16.705 
Bus 21 19.371 19.559 
Bus 23 34.333 34.918 
Bus 30 35.933 36.652 
Bus 35 33.117 33.712 
Bus 36 11.206 11.634 
Bus 37 25.607 25.936 
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 Table 24: 30-cycle short circuit currents of PV grid connected system 
 
                            30-cycle short circuit current (in kA) 
Bus no  Base Case System integrated with PV 
Bus 2 7.083 7.083 
Bus 4 9.077 9.077 
Bus 8 8.89 8.89 
Bus 20 12.348 12.348 
Bus 21 14.756 14.756 
Bus 23 25.962 25.962 
Bus 30 27.931 27.931 
Bus 35 26.053 26.053 
Bus 36 8.657 8.657 
Bus 37 19.304 19.304 




  Figure 82: 30 Cycle fault currents of PV grid connected system 
 
Integrating the PV farm to the grid system will increase the momentary and 
interrupting faults currents of the grid system. This will affect on the equipments 
protection devices and fault currents rating. The rating of the equipments needs to 
meet the changes in the fault currents. However there is no contribution to the 30-
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4.3.2    Short circuit analysis on Wind Farm integration to the grid system 
The wind farm is a combination of wind turbine generators, these generators 
contribute to the faults currents of momentary and interrupting current only, but there 
is no contribution in the 30-cycle short circuit current. The results of short circuit 
analysis are given in Table 25-27, and Figure 83-85. 
 Table 25: Momentary fault currents of Wind farm grid connected system 
 
                                  Momentary fault currents (in kA) 
Bus no Base Case Wind farm grid connected system 
Bus 2 7.578 7.59 
Bus 4 13.838 14.071 
Bus 8 13.51 13.73 
Bus 20 17.281 17.321 
Bus 21 19.371 19.38 
Bus 23 34.333 34.362 
Bus 30 35.933 35.969 
Bus 35 33.117 33.147 
Bus 36 12.381 12.4 
Bus 37 25.607 25.623 
Bus 100 9.85 9.861 
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Table 26: Interrupting fault current of Wind farm grid connected system   
   
               Interrupting fault current  (in kA)           
Bus no  Base Case Wind farm grid connected system 
Bus 2 7.486 7.501 
Bus 4 12.612 12.845 
Bus 8 12.317 12.538 
Bus 20 15.77 15.816 
Bus 21 19.371 19.38 
Bus 23 34.333 34.362 
Bus 30 35.933 35.969 
Bus 35 33.117 33.147 
Bus 36 11.206 11.228 
Bus 37 25.607 25.623 
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Table 27: 30-cycle short circuit currents of Wind farm grid connected system 
 
                              30-cycle short circuit (in kA) 
Bus no  Base Case Wind farm grid connected system 
Bus 2 7.083 7.083 
Bus 4 9.077 9.077 
Bus 8 8.89 8.89 
Bus 20 12.348 12.348 
Bus 21 14.756 14.756 
Bus 23 25.962 25.962 
Bus 30 27.931 27.931 
Bus 35 26.053 26.053 
Bus 36 8.657 8.657 
Bus 37 19.304 19.304 




  Figure 85: 30-cycle short circuit currents of Wind farm grid connected system  
 
Similarly, this will affect on the equipments protection devices and fault currents 
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4.3.3    Short circuit analysis on grid integrated with PV & Wind Farms 
The study of short circuit analysis is carried out base on ANSI and IEEE standards. 
The momentary and interrupting fault currents of the PV & wind farms affect on the 
grid system fault currents, the fault currents increased by very small values of fault 
currents. Refer Table 28-30, and Figure 86-88 for the short circuit currents. 
  
Table 28: Momentary fault currents of grid system integrated with PV & Wind Farms 
 
                                        Momentary fault currents (in kA) 
Bus no Base Case 
Grid integrated with PV & Wind 
Farms 
Bus 2 7.578 7.597 
Bus 4 13.838 14.212 
Bus 8 13.51 13.863 
Bus 20 17.281 17.345 
Bus 21 19.371 19.386 
Bus 23 34.333 34.379 
Bus 30 35.933 35.99 
Bus 35 33.117 33.164 
Bus 36 12.381 12.411 
Bus 37 25.607 25.633 
Bus 100 9.85 9.868 
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Table 29: Interrupting fault currents of grid system integrated with PV & Wind Farms 
       
                       Interrupting fault currents (in kA)             
Bus no  Base Case Grid integrated with PV & Wind Farms 
Bus 2 7.486 7.509 
Bus 4 12.612 12.986 
Bus 8 12.317 12.671 
Bus 20 15.77 15.843 
Bus 21 19.371 19.386 
Bus 23 34.333 34.379 
Bus 30 35.933 35.99 
Bus 35 33.117 33.164 
Bus 36 11.206 11.24 
Bus 37 25.607 25.633 





 Figure 87: Interrupting fault currents of grid system integrated with PV & Wind 
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 Table 30: 30-cycle short circuit current of integrated with PV & Wind Farms 
 
   30-cycle short circuit Currents (in kA) 
Bus no  Base Case 
Grid integrated with PV & Wind 
Farms 
Bus 2 7.083 7.083 
Bus 4 9.077 9.077 
Bus 8 8.89 8.89 
Bus 20 12.348 12.348 
Bus 21 14.756 14.756 
Bus 23 25.962 25.962 
Bus 30 27.931 27.931 
Bus 35 26.053 26.053 
Bus 36 8.657 8.657 
Bus 37 19.304 19.304 
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The study of short circuit analysis of wind & PV farms grid connected system shows 
that the momentary and interrupting faults currents of the grid increases slightly, 
however no change on the 30-cycle short circuit currents.  
Comparison between the fault currents contribution of PV grid connected and wind 
grid connected system showed that the contribution of PV farm is higher than wind 
farm. The contribution is higher on the Buses near to the point of interconnection.  
It’s recommended that the rating of equipments fault currents is enough to meet the 
change in fault current due to the integration of wind and PV farms to the grid 
system. This analysis is very important to make sure that the cables, transformers, 
Buses, are adequately rated so that it could withstand short-circuit currents until the 
faults are cleared by the protection devices. 
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CHAPTER 5  
CONCLUSION AND RECOMMENDATIONS 
5.1    Conclusion 
Wind and PV solar power are the most promising RES in the world comparing to 
other renewable energy systems such as biomass, hydropower, and geothermal power 
plants. WFs and PV solar power have high impacts on the grid power system causing 
some issues such as power losses, voltage instability and fault currents. The research 
concentrates in this area on these issues by analyzing the effects of wind and PV solar 
on industrial grid system.  
From load flow analysis of PV integration to the industrial system, it’s clear that that 
voltage is improved at the Buses. The far the industrial system from utility power 
supply the more effective the improvement of Buses voltages by PV. Integrating 
Wind farm to the grid system will affect on the voltage levels, increasing the power 
from the wind farm decreases the voltage on the system Buses. The wind farm 
generators are induction type which consumes reactive power that affect directly on 
the system voltage levels. 
The study of short circuit analysis is carried out base on ANSI and IEEE standards. 
The momentary and interrupting fault currents of the PV & wind farms affect on the 
grid system fault currents, the fault currents increased by very small value. 
Comparison between the fault currents contribution of PV grid connected and wind 
grid connected system showed that the contribution of PV farm is higher than wind 
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5.2    Recommendations  
This research has very good outcomes, which will help in better understanding the 
effects of wind and PV solar power on the quality of power in grid system in order to 
enhance the design of the wind and PV solar power system to contribute toward the 
power quality in grid system. I recommend further studies on their effect on the 
power quality of the grid system. 
Integrating PV and wind farms to an existing grid system need to be studied carefully 
and the design have to be carried in a professional manner to overcome the expected 
problems in the future. The equipments rating and protection devices have to meet the 
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APPENDIX A 
TRANSFORMERS IMPEDANCES [17] 













T-1 15 0.00313 0.05324 10 0.004695 0.07986 
T-2 15 0.00313 0.05324 10 0.004695 0.07986 
T-3 1.725 0.04314 0.34514 10 0.00744165 0.05953665 
T-4 1.5 0.05575 0.3624 10 0.0083625 0.05436 
T-5 1.5 0.06843 0.44477 10 0.0102645 0.0667155 
T-6 1.5 0.05829 0.37888 10 0.0087435 0.056832 
T-7 3.75 0.01218 0.14616 10 0.0045675 0.05481 
T-8 3.75 0.01218 0.14616 10 0.0045675 0.05481 
T-9 0.75 0.15036 0.75178 10 0.011277 0.0563835 
T-10 1.5 0.05829 0.37888 10 0.0087435 0.056832 
T-11 1.5 0.05829 0.37888 10 0.0087435 0.056832 
T-12 1.5 0.05829 0.37888 10 0.0087435 0.056832 
T-13 2.5 0.02289 0.22886 10 0.0057225 0.057215 
T-14 1 0.10286 0.56573 10 0.010286 0.056573 
T-17 1.25 0.05918 0.3551 10 0.0073975 0.0443875 
T-18 1.5 0.06391 0.37797 10 0.0095865 0.0566955 
 
  73 
APPENDIX B 
BUSES DATA [17] 
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APPENDIX C 
GENERATORS AND CABLES DATA [17] 
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APPENDIX D 












M-30 PQ 0.1241558 0.07974026 0.1475573 0.8414071 
M-31 PQ 0.029487 0.01893831 0.03504487 0.8414071 
M-T10-1 PQ 0.025688 0.0156 0.03005384 0.8547327 
M-T10-2 PQ 0.06422 0.039 0.0751346 0.8547327 
M-T10-3 PQ 0.028 0.018833 0.03374436 0.8297683 
M-T11-1 PQ 0.080619 0.0488532 0.09426589 0.8552299 
M-T11-2 PQ 0.2999036 0.18173 0.3506679 0.8552354 
M-T11-3 PQ 0.062 0.042 0.07488658 0.8279186 
M-T12-1 PQ 0.0307449 0.019058 0.03617259 0.8499502 
M-T12-2 PQ 0.031704 0.0196531 0.03730131 0.8499433 
M-T12-3 PQ 0.028 0.018833 0.03374436 0.8297683 
M-T13-1 PQ 1.767 1.001 2.030835 0.8700855 
M-T14-1 PQ 0.03284 0.0195171 0.03820187 0.8596438 
M-T14-2 PQ 0.033868 0.0201266 0.03939697 0.85966 
M-T17-1 PQ 0.963 0.52 1.094426 0.8799131 
M-T3-1 PQ 1.237 0.701 1.421819 0.8700122 
M-T4-1 PQ 0.0353 0.02 0.04057204 0.8700574 
M-T5-1 PQ 0.030425 0.019075 0.03591011 0.8472543 
M-T5-2 PQ 0.06275 0.039344 0.07406425 0.8472373 
M-T5-3 PQ 0.028 0.019 0.03383785 0.8274758 
M-T6-1 PQ 0.030425 0.019075 0.03591011 0.8472543 
M-T6-2 PQ 0.06275 0.039344 0.07406425 0.8472373 
M-T6-3 PQ 0.028 0.019 0.03383785 0.8274758 
M-T7-1 PQ 0.85178 0.48278 0.9790841 0.8699763 
M-T7-2 PQ 1.79821 1.01921 2.066966 0.8699756 
M-T8-1 PQ 1.27238 0.721176 1.462548 0.8699751 
M-T8-2 PQ 1.377617 0.780823 1.583513 0.8699752 
M-T9-1 PQ 0.028066 0.018866 0.03381754 0.8299242 
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Bus  KV R1  X1  R0  X0  Length Km 
C-E1 3 9 13.8 0.144488 0.120341 0.265092 0.240682 0.19812 
C-E2 9 25 13.8 0.144488 0.120341 0.288976 0.240682 0.5586984 
C-E3 9 13 13.8 0.144488 0.120341 0.288976 0.240682 0.02286 
C-E4 9 12 13.8 0.144488 0.120341 0.288976 0.240682 0.050292 
C-F1 3 5 13.8 0.144488 0.120341 0.288976 0.240682 0.09906 
C-G1 3 26 13.8 0.144488 0.120341 0.288976 0.240682 0.207264 
C-H1 3 6 13.8 0.144488 0.120341 0.288976 0.240682 0.1435608 
C-I1 4 15 13.8 0.144488 0.120341 0.288976 0.240682 0.298704 
C-J2 4 27 13.8 0.144488 0.120341 0.288976 0.240682 0.1886712 
C-J3 16 4 13.8 0.144488 0.120341 0.288976 0.240682 0.3617976 
C-J4 10 13 13.8 0.144488 0.120341 0.288976 0.240682 0.06096 
C-J5 10 12 13.8 0.144488 0.138255 0.288976 0.276542 0.003048 
C-J6 10 27 13.8 0.144488 0.120341 0.288976 0.240682 0.14478 
C-L1 4 8 13.8 0.092881 0.112336 0.185728 0.224639 0.155448 
C-M1 4 24 13.8 0.144488 0.120341 0.288976 0.240682 0.155448 
C-M2 24 31 13.8 0.144488 0.120341 0.288976 0.240682 0.103632 
C-M3 24 32 13.8 0.144488 0.120341 0.288976 0.240682 0.147828 
C-T10-
1 28 38 0.48 0.091896 0.08855 0.183793 0.177133 0.01524 
C-T10-
2 33 28 0.48 0.144127 0.092618 0.288255 0.185203 0.006096 
C-T11-
1 29 38 0.48 0.144127 0.08855 0.183793 0.177133 0.0201168 
C-T11-
2 34 29 0.48 0.144127 0.092618 0.288255 0.185203 0.006096 
C-T12-
1 38 30 0.48 0.091896 0.08855 0.183793 0.177133 0.01524 
C-T12-
2 35 30 0.48 0.144127 0.092618 0.288255 0.185203 0.006096 
C-T5-1 22 17 0.48 0.144127 0.092618 0.288255 0.185203 0.006096 
C-T6-1 23 18 0.48 0.144127 0.092618 0.288255 0.185203 0.006096 
C1A 50 3 13.8 0.075919 0.15164 0.06834 1.364665 0.6096 
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APPENDIX F 
SHORT CIRCUIT DATA OF GENERATORS, BUS WAY, 
UTILITY INTERCONNECTION AND OVER HEAD LINES 
 System Generators Data 
GEN-ID Rated kV Rated MVA X''d (%) X/R ratio    X0 (%) X0/R0 ratio 
GEN-1 13.8 15.625 0.112 37.4 5.7 37.4 
GEN-2 13.8 12.5 12.8 35.7 5.8 35.7 
 
Bus way Data 
Bus way ID Rated kV Size (A) R1 X1 Length 
From 
Bus  To Bus  
SQD-I-Li  0.48 1000 0.0524934 0.0328084 0.01524 28 41 
 
Utility Interconnection Data 
Connection 
point   3PH-MVA X/R ratio 
L-G MVA 
level X/R ratio 
UTIL-1   1000 22 765 9.7 
 





Size R1 (ohm/km) 
X1   
(ohm/km)   Length (km) 
OHL-1 69 266.8 MCM 0.217107095 0.462337449 3.048097536 
OHL-2 69 266.8 MCM 0.217107095 0.462337449 3.048097536 
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T-1 15 69 1 13.8 3 8 17 7.2 17 0.4227985 
T-2 15 69 2 13.8 4 8 17 7.4 17 0.434543 
T-3 1.725 13.8 5 4.16 39 6 8 6 8 0.7442084 
T-4 1.5 13.8 6 2.4 11 5.5 6.5 5.5 6.5 0.8363145 
T-5 1.5 13.8 12 0.48 17 6.75 6.5 6.75 6.5 1.026386 
T-6 1.5 13.8 13 0.48 18 5.75 6.5 5.75 6.5 0.8743288 
T-7 3.75 13.8 6 2.4 19 5.5 12 5.5 12 0.4567501 
T-8 3.75 13.8 15 2.4 20 5.5 12 5.5 12 0.4567501 
T-9 0.75 13.8 16 0.48 21 5.75 5 5.5 5 1.078639 
T-10 1.5 13.8 25 0.48 28 5.75 6.5 5.75 6.5 0.8469585 
T-11 1.5 13.8 26 0.48 29 5.75 6.5 5.5 6.5 0.8363145 
T-12 1.5 13.8 27 0.48 30 5.75 6.5 5.5 6.5 0.8363145 
T-13 2.5 13.8 31 2.4 36 5.75 10 50 10 0.5472705 
T-14 1 13.8 32 0.48 37 5.75 5.5 50 5.5 8.944272 
T-17 1.25 13.8 5 0.48 49 4.5 6 4.5 6 0.7397954 
T-18 1.5 13.8 50 0.48 51 5.75 5.914 5.75 5.91 0.9292617 
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LOAD FLOW RESULTS 
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APPENDIX I 
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APPENDIX J 
SHORT CIRCUIT RESULTS FOR BASE CASE 
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